geomorphic changes (Poff et al., 1997; Ward & Stanford, 1995) have had pervasive impacts on the structure and function of riparian vegetation on regulated rivers, including declines in recruitment of early successional riparian trees and shrubs, invasion by non-native plant species, reduced native plant diversity, and homogenization of understory plant communities (Johnson, 2002; Johnson et al., 2012; Perkins, Scott, & Naumann, 2016; Rood, Braatne, & Hughes, 2003) .
The role of disturbance and the community structure and composition of riparian vegetation are closely connected. On the basis of life history characteristics, disturbance history, and tolerances of the component species to flood frequency and duration, plant communities occur along a gradient of disturbance at different positions across the floodplain (Auble, Friedman, & Scott, 1994; Hupp & Osterkamp, 1996; Junk, Bayley, & Sparks, 1989; Marks, Nislow, & Magilligan, 2014) . Disturbances can range from small frequent events that influence plant growth to large infrequent events that restructure channels and floodplains and initiate new successional trajectories (Parsons, McLoughlin, Rountree, & Rogers, 2006; Turner, 2010; Turner, Baker, Peterson, & Peet, 1998) . Large infrequent disturbances (LIDs) are (by definition) rare and exceptionally large or intense natural events, such as volcanic eruptions, hurricanes, fires, and floods, that differ qualitatively from other disturbances in their impacts because of the large area affected, the persistence of the effects over time, and the heterogeneity of effects across the area Turner & Dale, 1998) .
Like most other large rivers in the Northern Hemisphere, the Missouri River has been greatly modified by flow regulation (Figure 1 ), with six large mainstem dams completed between 1933 and 1963 on the upper basin and channelization of the lower river to its confluence with the Mississippi River near St. Louis, Missouri, between 1912 and 1981 (Schneiders, 1999 . Regulation has altered the flow regime (Galat & Lipkin, 2000; Pegg & Pierce, 2002) , sediment transport (Jacobson, Blevins, & Bitner, 2009) , and channel meandering (Johnson, 1992; Shields, Simon, & Steffen, 2000) , leading to both significant channel incision and floodplain disconnection below dams and increased channel aggradation and flooding adjacent to downstream reservoirs (National Research Council [NRC], 2011; Skalak et al., 2017; . These changes have impacted native plant communities, contributing to reduced recruitment of plains cottonwood (Populus deltoides W. Bartram ex Marshall ssp. monilifera (Aiton) Eckenwalder) and increased abundances of nonnative riparian (Elaeagnus angustifolia L., Tamarix ramosissima Ledeb.) and native upland (Juniperus virginiana L.) tree species (Dixon, Johnson, Scott, Bowen, & Rabbe, 2012; Greene & Knox, 2014; Johnson, 1992; Johnson et al., 2012) within the historical floodplain. Restoration of flow and sediment regimes has been suggested as necessary to counteract the negative effects of chronic flow regulation (NRC, 2002) on the Missouri and other large rivers but is challenging given infrastructural constraints (e.g., dam operations), long-term changes in channel morphology, and societal and legal impediments to flow management . by but does not include the companion studies regarding flood effects on birds (Munes, Dixon, Swanson, Merkord, & Benson, 2015) and cottonwood recruitment (Danzeisen, 2016) . The primary research questions addressed in this article are as follows:
1. What were the initial effects (preflood to 2012) of the flood on live stem densities of riparian trees and shrubs, and did these effects vary among river segments and forest age classes? 2. How did the flood influence the area of riparian forest across study segments and forest age classes? Elevation ranges from 1,226 m above sea level at the confluence of the Jefferson, Madison, and Gallatin Rivers in Three Forks, Montana, to 122 m at the mouth. The landscape varies from flat plains in the north to rolling hills through the Great Plains and the upland plateau in the south-eastern basin. The river flows primarily through glacial till found in the Great Plains, which, historically, led to the moniker "The Big Muddy" due to the large volume of sediment transported annually (NRC, 2002) . The climate is mainly semiarid, and annual levels of precipitation range from about 20 cm in the west to >100 cm in the east (Galat, Berry, Peters, & White, 2005; NRC, 2002) .
Floodplain forests along the Missouri River in the Great Plains were historically dominated by plains cottonwood and later successional species including green ash (Fraxinus pennsylvanica Marshall), American elm (Ulmus americana L.), peachleaf willow (Salix amygdaloides Anderson), and box elder (Acer negundo L.), with tree species richness increasing downstream (Dixon, Johnson, Scott, & Bowen, 2010; Johnson, Burgess, & Keammerer, 1976; NRC, 2002; Wilson, 1970) . Through flow regulation, land use conversion, and reservoir inundation, significant declines (estimated 70%) in floodplain forest area have occurred since the 1890s . Present-day forests are dominated by predam (pre-1950s) age classes of trees, with evidence of declines in recruitment of new cottonwood patches and an increased abundance of invasive trees (e.g., Russian olive and eastern red cedar; Dixon et al., 2012; Greene & Knox, 2014; Johnson et al., 2012) .
2.2 | Site selection and data collection Dixon et al. (2010 Dixon et al. ( , 2012 and for the postflood surveys. Stands included shrublands, woodlands, and closed canopy forests within the historical floodplain of the Missouri River and were at least 4 ha in size (with the exception of some of the younger age class stands). Vegetation composition and structure were sampled at three different vertical strata or plant life forms (Dixon et al., 2010; at points along transects in each stand. These included The tree layer was sampled using three methods, depending on the site: the point-centred quarter method (Cottam & Curtis, 1956 ), circular plots, and a complete census survey. For the pointcentred quarter method, 40 points were sampled per stand, with the species, dbh, and condition (healthy, stressed, recently dead, or long dead) reported for the closest tree in each of four quadrants at each point. For stands in which tree density was too low for the point-centred quarter method to be effective, 15-m (10 m on a few sites) fixed-radius circular plots (12 per stand) were used, with species, dbh, and condition recorded for all trees that fell within the plot. Only one small stand was inventoried using a complete census. For the shrub layer (live shrubs, woody vines, and tree saplings), species, stem density, and per cent cover were recorded within 2 × 10-m sampling strips at 12 points within each stand (Johnson et al., 1976; Lindsey, 1955) . For the herbaceous layer, species composition and cover were recorded in 1 × 1-m quadrats (24 per stand). Only the live stem density data for the shrub and tree layers are presented in this paper. In locations where woody plants had been removed due to erosion or scouring since the preflood study, points were recorded as "open" and stem densities assigned a value of zero to reflect changes due to flood effects.
| Land cover analysis
We mapped changes in land cover using aerial imagery from 2006 2) to interpret and delineate land cover according to the classification system used by Dixon et al. (2012) . Preflood data were derived from previous work and were based on the 2006 National Agriculture Imagery Program imagery. A minimum mapping unit of 1 ha was used for mapping land cover in each year. This resolution precluded mapping of finer scale vegetation changes (e.g., individual tree crowns) but captured coarser scale changes in land cover that could be mapped efficiently across all five segments and compared with older sources of imagery. Land cover designations were digitized in ArcGIS using heads-up digitizing at a scale of 1:10,000. Woody vegetation features were assigned to the previously described age classes based on historical maps and aerial photography as described in Dixon et al. (2012) . Woody riparian patches were also designated as cottonwood (at least 10-15% of canopy) or noncottonwood, although we did not separate them in our analyses.
We compared 2006 and 2012/2013 areas of mapped riparian woody vegetation features (shrubland, woodland, forest), here lumped under the term "forest," by segment and forest age class.
| Data analysis
We ran repeated-measures analysis of variance (ANOVA; mixed procedure) models using SAS ® 9.4 to test for changes in mean stem densities for trees and shrubs from preflood (2006) (2007) (2008) (2009) [2012] [2013] [2014] , only those stands that were sampled in all three years were included (n = 80).
As sample sizes for the postflood surveys in mature (56-119 years) and old age classes (>119 years) were small, they were combined into a >55-year age class for analysis. Analyses of woody vegetation at the species level only included sites with nonzero density for at least one of the sampling dates, resulting in varying sample sizes depending on the species of interest. Stand age class was generally included as a factor in the ANOVA model except when data were sparse or missing for some age classes (e.g., for older age classes for Russian olive). Specieslevel analyses focused on cottonwood, eastern red cedar, and Russian olive due to the importance of each species to natural resource management concerns along the river. For all analyses, ANOVA results were considered statistically significant at p ≤ 0.05. Differences in planned comparisons using least squares means were considered significant at p ≤ 0.05 and marginally significant at p ≤ 0.10, when divided by the number of comparisons (Bonferroni procedure) to adjust for multiple testing.
3 | RESULTS
| Structural changes (live woody stem density) from preflood to 2012
Overall mean (±SE) live stem density of trees differed by study segment, forest age class, and sample year (preflood to 2012; Table 2 ).
Average tree density declined 37%, p = 0.0002, F (1, 133) = 15.12, from preflood (213.6 ± 18.7 stems per hectare) to 2012 (135.1 ± 12.7; Figure 4 ), but the amount of decline did not differ significantly by stand age class or study segment (no significant interactions with year). Within the shrub layer, overall stem density declined 64%, p < 0.0001, F (1, 133) = 86.87, from preflood (4,897.2 ± 481.1) to 2012 (1,778.5 ± 321.0) with significant declines (52-89%) on all segments except for Segment 2, the Fort Peck reach (Table 2) . Shrub densities in all stand age classes except for old (>119 years) showed significant declines across study segments from preflood to 2012
( Figure 5 ). The greatest declines were in the pole and sapling (78% and 73% respectively) classes followed by mature (51%) and intermediate (40%). Shrub stem density increased by 8% overall for the old age class, but this change was not statistically significant.
Stem densities of cottonwood declined significantly in both the tree and shrub layers from preflood to 2012 (Table 2) Changes in cottonwood tree density across the postflood years varied by study segment and forest age class, with an increase in density within sapling stands on the channelized Segment 13 from 2012 to 2014 ( Figure S1 ). Changes in cottonwood tree density among the postflood years were not significant, however, for other segment-by-age class combinations. Cottonwood densities within the shrub layer varied significantly over the postflood years (Table 3 , Figure 8 ) with a weak interactive (p = 0.0632) influence of study segment and stand age. Generally, cottonwood density in the shrub layer increased from 2012 to 2014 for all segments (with the exception of the channelized Segment 13) and age classes, with greatest increases in age classes younger than 55 years ( Figure S2 ).
Russian olive tree density remained low but increased significantly (Table 3 analysis, study segment had no influence on the ANOVA results.
Overall densities of red cedar trees or shrubs did not change significantly from 2012 to 2014, and there were no significant differences between segments or age classes (Table 3 , Figure 8 ).
| Land cover changes
Based on analyses of preflood (2006) and postflood (2012/2013) aerial imagery, declines in the area of woody riparian vegetation occurred across segments and forest age classes (Table 4) . Declines were greatest in younger forest age classes, ranging from 22% (Garrison reach, Segment 4) to 87% (Gavins Point reach, Segment 10) for sapling stands (38% overall), 23-55% for pole stands (36% overall), and 5-45% for intermediate-aged stands (22% overall). Changes were smaller for mature and old age classes, ranging across segments from 0.5% to 16% declines for mature stands (13% overall) and from 10% declines (Segment 2, Fort Peck, and Segment 13) to an apparent 10% increase (Gavins Point, Segment 10) for old stands (6% decline overall). Overall area of woody riparian vegetation declined 17%, ranging from 13% to 18% among segments.
| DISCUSSION
Given the paucity of studies on LIDs, particularly those with the benefit of predisturbance data, this study is valuable in offering the FIGURE 6 Change in mean live shrub/sapling stem density (±SE) for cottonwood (Populus deltoides) from preflood to 2012 by study segment and forest age class (in years relative to 2012). The >55-year age class was excluded due to a few observations of shrub-/saplingsized cottonwood in older stands (*p < 0.05, **p < 0.01, ***p < 0.001)
FIGURE 7
Changes in mean live stem density (±SE) for eastern red cedar (Juniperus virginiana) within the tree layer from preflood to 2012, by study segment and forest age class (in years relative to 2012). Preflood density on Segment 8 was significantly greater than in 2012 for the >55-year age class (p = 0.005) . Mortality was greatest for young sites, which were likely exposed to greater flood intensity and severity because of their proximity to the active channel and occurrence at lower elevations (Figure 3 ). The sharp decline in woody stem density and reduced stand area observed within younger sites may leave a lasting impact on the system due to the lack of new forest being generated under regulated flow regimes Johnson, 1992; Johnson et al., 1976 Johnson et al., , 2012 , the mixed effects of the flood of 2011 on cottonwood recruitment (Danzeisen, 2016; , and long-term constraints due to the geomorphic legacies of flow management Skalak et al., 2017) .
There was a difference of 3-6 years between our preflood Over this time period, changes in density due to natural senescence, self-thinning, and other non-flood-related mortality likely occurred.
Density estimates may also have been influenced from plants growing into the shrub (≥1 m tall) or tree (dbh ≥ 10 cm) layers between sampling periods. Ideally, we could have estimated background mortality rates and impacts of other mortality factors using maximum-likelihood-based demographic modelling approaches, such as those described by Marks and Canham (2015) . However, this was not possible with our data, as we did not mark individuals and hence could not (Table S1 , Figure S3 ).
On the basis of those calculations, we estimate expected overall cottonwood stem density (shrubs plus trees) declines of around 38-51% for saplings, 22-41% for poles, 0-15% for intermediate, and 0-10% for mature and old cottonwood stands. Background mortality rates modelled by Marks and Canham (2015, fig. B21 ; parameter values from Marks & Canham, 2016, archive) for cottonwood along the Connecticut River provided similar or slightly lower estimates of 4-year mortality (i.e., 25-40% for trees <20 cm dbh and <25% for trees ≥85 cm dbh). Hence, at least for cottonwood, per cent declines in stem densities observed from preflood to 2012 were considerably higher (e.g., 78-99.7% for sapling, 46-97% for pole, 12-90% for intermediate, and 0-69% for mature and old stands) on each segment and age class (except for mature and old stands on Segment 4 and intermediate stands on Segment 2) than the estimated background rates.
With no other known major disturbances occurring between 2007 and 2012, we feel confident that the dramatic declines in density that we observed were caused primarily by the flood of 2011.
GIS analyses indicate sharp increases in sandbar area and declines in the area of younger forest age classes due in part to conversion from vegetated surfaces to active channel or nonvegetated channel surfaces (bare sand or water) between 2006 and 2012 . In addition to erosion of forest patches, flood-related mortality of shrubs and trees within stands was evidenced by both declines in live stem density and by a high proportion of standing dead trees (especially for red cedar and Russian olive) showing signs of recent mortality (e.g., dead canopy but intact bark and retention of fine twigs; . Hence, mortality likely resulted from several factors in connection with the flood of 2011, including direct effects of physical disturbance (erosion of surfaces and physical damage to trees), root anoxia from prolonged inundation (Bendix & Stella, 2013; Kozlowski, 2002) , and interactions between flooding and herbivores (e.g., beaver gaining greater access to flooded stands; Andersen & Cooper, 2000; Breck, Wilson, & Andersen, 2003a , 2003b Herbison & Rood, 2015; Marks & Canham, 2015) .
Studies of large flood impacts in other river systems have also shown spatially variable effects on vegetation, with strongest impacts on younger woody vegetation in or close to the active channel. Along the Sabie River in South Africa, shrub and tree area declined 60% and 21%, respectively, following a large flood in February 2000 (Parsons et al., 2006) . On the Hassayampa River in the Sonoran Desert, Arizona, levels of postflood survival were lower on lower elevation surfaces, 60% for Populus fremontii on floodplain surfaces versus 94% on higher terraces, following a 10-year flood (Stromberg, Richter, Patten, & Wolden, 1993) . In 1993, a large flood on the Mississippi River resulted in mortality of 77% of saplings and 32% of trees (25% for cottonwood; Yin, 1998) , which is roughly similar to what we observed overall in our system (64% and 37% declines in shrub and tree densities, respectively). Marks and Canham (2015) Figure 2 ). The effects of flood hydrographs were somewhat complicated by spatial differences within and among river segments in channel incision (Figure 3) , which led to smaller areas of forest inundated on more incised segments (e.g., Segment 10) or on incised reaches within a segment (e.g., upstream portion of Segment 8; . A companion study on cottonwood recruitment did suggest that the gradual, ramped flow recession on the most upstream study segment (Segment 2) may have allowed for significant cottonwood recruitment during the flood year (2011) on higher surfaces. In contrast, limited recruitment occurred in 2011 on downstream segments, with most postflood recruitment occurring instead on low surfaces in 2012 (Danzeisen, 2016; .
There was little evidence of significant delayed tree mortality in the Missouri River forests during our study, although it is possible that such effects could become evident after a greater number of years.
Plants in high-disturbance environments possess mechanisms for resisting or recovering from disturbance. Within a riparian corridor, these include tolerance of anoxic soils due to inundation, flexible stems, and ability to resprout from damage (Bendix & Stella, 2013; Braatne, Rood, & Heilman, 1996; Karrenberg, Edwards, & Kollmann, 2002; Kozlowski, 2002; Naiman, Décamps, & McClain, 2005) .
However, a disturbance can have delayed effects on vegetation if stress or damage to plants predisposes them to greater mortality in subsequent years (Franklin, Shugart, & Harmon, 1987; Waring, 1987) . For example, prolonged exposure to flood waters could weaken the structural integrity of the wood, thereby reducing the ability to withstand breakage and windthrow during storms, or could cause stress/energy deficits that could increase susceptibility to pathogens, insect pests, drought, or other mortality factors (Anderegg et al., 2015; Martin, Newton, Cantarello, & Evans, 2015) . after Hurricane Hugo, latent mortality was as high as 50% (Turner, Dale, & Everham, 1997) .
Differences in initial flood response and subsequent recovery among the three focal tree species (cottonwood, red cedar, and
Russian olive) in this study illustrated differences in their life history characteristics, flood tolerances, and mechanisms for recovery. We expected overall mortality to be highest for red cedar, as it is an upland species without known mechanisms for dealing with flooding, but its initial preflood densities were low in the sapling and pole stands (<30 years old) that were most impacted by the flood. Cottonwood and Russian olive, in contrast, had high densities in these younger age class stands, with Russian olive occurring almost exclusively in younger stands (<55 years old) closer to the active channel. The moderate apparent mortality rates for red cedar on surfaces that sustained prolonged (2-3 months) flooding could be related to its overall stress-tolerant life history traits (Burns & Honkala, 1990) , as well as the fact that flood waters were flowing rather than stagnant on most sites (personal observation), likely reducing the development of soil anoxia and accumulation of phytotoxic compounds (Kozlowski, 2002) .
Changes for the shrub layer from 2012 to 2014 suggested differences among species in postflood resilience, with cottonwood and Russian olive showing increases in shrub/sapling stem densities after the initial flood-related declines. Both species have the ability to resprout from roots or stems following inundation and damage (Katz & Shafroth, 2003; Lesica & Miles, 2001) , although the root suckering ability in P. deltoides is less common (Braatne et al., 1996; Rood, Goater, Mahoney, Pearce, & Smith, 2007) . Cottonwood is shade intolerant and cannot recruit from seedlings beneath its own canopy (Braatne et al., 1996; Johnson et al., 1976) (Danzeisen, 2016; . The future of cottonwood on these reaches may also be grim as it becomes a fugitive species along regulated river banks, and restoration prospects are uncertain to slim due to limited recruitment surfaces, inappropriate flow timing and magnitude for natural recruitment (Mahoney & Rood, 1998) , difficulty of planting (Johnson, 1992) , the large scale of restoration needed , low seedling survival (Danzeisen, 2016; , conflicting species and sandbar management goals (USACE, 2011b) , and disconnection of floodplain and channel processes due to channel incision and bank stabilization (Jacobson, Janke, & Skold, 2011; Johnson et al., 2015) .
Chronic disconnection between the river and floodplain, invasion by exotic species, plant diseases (e.g., Dutch elm disease), insect pests, and other factors can also lead to stress for the ageing forests on higher surfaces . Recreating the mosaic of stand ages would be an ongoing process and a difficult task. The return of geomorphic processes such as sediment transport, in addition to regular flooding, and the timing of flood peaks and flood recessions must be considered for any comprehensive restoration efforts to succeed Skalak et al., 2017 ) but would be difficult to implement under current operating rules for flow and reservoir management on the Missouri River (USACE, 2011a). 
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